The factors affecting the volume of water filtered by a Type II Mark III Continuous Plankton Recorder (CPR) were investigated in eastern Antarctica in February/March 2003. Three tows were conducted, one each using 270-, 224-and 125-mm nylon mesh. Volume filtered was measured at $3-s intervals with a Valeport electromagnetic flow meter, while ship speed, photosynthetically active radiation (PAR) and fluorescence were measured every minute. Substantial variation in measured volume filtered (MVF) was recorded on each transect. Ship speed was positively correlated with MVF and caused up to 30% reductions in MVF while clogging, predominantly by phytoplankton, resulted in up to 60% reductions in MVF. A maximum 78% reduction in MVF resulted from the combined effects of clogging and ship speed. The substantial impact of clogging on observed zooplankton densities highlights the need for flow meter measurements to quantify CPR data. However, observations from this study show that the CPR flow meter currently in use may itself have caused the positive correlation between MVF and ship speed, indicating the need for improved flow meter design. Continuing miniaturization and improved resolution of distance loggers for attachment to marine vertebrate predators holds promise in this area.
I N T R O D U C T I O N
Sir Alister Hardy's Continuous Plankton Recorder (CPR) has proved to be a highly effective large-scale sampling tool and has provided significant ecological insights on daily, seasonal, interannual and long-term time scales (e.g. Lindley, 1980; Hays et al., 1994; Clarke et al., 2001; Beaugrand and Reid, 2003) . A generally consistent absence in CPR sampling methodology is the use of quantified flow meter measurements (Walne et al., 1998; Batten et al., 2003) . The volume filtered by the CPR has therefore been assumed to be 100% [3 m 3 Á10 nautical miles -1 (nm -1 )]. In 1995, a CPR-specific electromagnetic flow meter was designed to quantify CPR volume filtered and to provide a means of calibrating past data (Walne et al., 1998) . To date, three studies have been published using flow meter data collected in the northern hemisphere, demonstrating that the CPR filters an average volume of 3.1 m 3 Á10 nm -1 but with variation of up to 95% on individual tows (Walne et al., 1998; John et al., 2002; Jonas et al., 2004) .
Variation in volume filtered has largely been attributed to the clogging effect of high phytoplankton or zooplankton densities ( John et al., 2002) . Mechanical factors have also been cited including the technical characteristics of the ship, the hydrodynamics of the CPR and the differences between individual CPR units (Le Fevre, 1973; Hays, 1994; Jonas et al., 2004) . More recently, it has been shown that ship speed may affect volume filtered ( Jonas et al., 2004) , contrary to the laboratory observations of Hays (Hays, 1994) . An important aspect of the flow measurements collected thus far is that they have been taken from 'ships of opportunity' lacking the instrumentation required to collect high-resolution data, including ship speed. Ship speed has therefore been averaged over many samples, and no study has analysed the sample-specific impacts of this variable ( Jonas et al., 2004) .
Flow meter quantification of CPR samples has important applications. These data provide a more accurate reflection of the relationship between plankton and environmental variables. This is particularly relevant to time-series data and the long-term monitoring goals of the CPR surveys . Quantified data enable comparison of samples collected by the CPR with those collected using other net systems. In addition, flow meters enable testing and experimentation to answer specific questions using the CPR and questions concerning CPR sampling characteristics.
Recent research in the Southern Ocean has suggested the interaction between mesh size and zooplankton size as a possibly important factor in determining the seasonal cycles of zooplankton communities observed from CPR samples (Hunt and Hosie, in press ). By using a CPR equipped with a flow meter, this study aimed at investigating the undersampling by the 270-mm mesh traditionally used by the CPR and the sample-specific factors affecting CPR volume filtered using high-resolution data collected from a dedicated research vessel. Three transects were conducted using 270-, 224-and 125-mm mesh. The high-nutrient low-chlorophyll Antarctic surface waters were predicted to be a good location for the testing of different mesh sizes as the generally low-phytoplankton densities would result in little or no clogging. However, bloom conditions during the 270-and 224-mm transects resulted in many diatoms, particularly Thalassiothrix antarctica, being trapped on the CPR mesh. The resulting diatom mats were likely to have reduced the effective sampling mesh size. These data were therefore unsuitable for an inter-mesh comparison, and, as a consequence, this study focused on the factors controlling CPR volume filtered.
M E T H O D S
Data for this study were collected from the RSV Aurora Australis in the Southern Ocean off eastern Antarctica, between February and March 2003. Zooplankton samples were collected with a Type II Mark III CPR with a mouth opening of 1.6 cm 2 and towed 100 m behind the ship, following the protocol of the Southern Ocean CPR survey Reid et al., 2003) . The Type II Mark III CPR is a Mark II modified to accommodate a Valeport (UK) electromagnetic flow meter and is slightly elongated with a larger box-tail fin. Although all Type II CPRs have the same basic design, apertures and function , the Type II Mark II CPR has an average sampling depth of $6.7 m (Hays and Warner, 1993) while the Type II Mark V CPR normally used in the Southern Ocean CPR survey has an average sampling depth of $10.5 m when towed behind the RSV Aurora Australis (Hunt and Hosie, 2003) . It is possible that the additional weight of the flow meter may have caused the Type II Mark III CPR used in this study to travel deeper in the water column; however, this would have been compensated for to some extent by the larger size of the box-tail fin relative to other Type II CPRs. It is therefore expected that the CPR sampling depth in this study would have been within the range of the aforementioned studies at normal towing speeds (10-15 kn). Three tows were completed, one each using 270-, 224-and 125-mm nylon mesh (Table I) . Nylon mesh was used as opposed to the traditional silk as the latter was not readily available at a mesh size other than 270 mm. To date, the relative sampling efficiency, and possible impact on volume filtered, of nylon and silk CPR mesh has not been investigated. However, as nylon mesh was used for all tows in this study, the factors identified as influencing volume filtered are applicable to any study that consistently uses the same mesh type, nylon or silk.
The Valeport (UK) flow meter sensor head was located in the CPR exhaust while the $17-kg battery pack and logger were fitted in the tail section of the CPR (Fig. 1) . The flow meter was activated by a saltwater switch, and measurements were logged every 3-4 s for the duration of each tow. Details of the flow meter operation are given in Walne et al. (Walne et al., 1998) . Calibration of the flow meter was conducted 2 months after the voyage using four flow rates: 53.08, 43.01, 23.50 and 11.66 L min -1 (R 2 = 0.99). In conjunction with flow meter readings, ship speed was calculated from global positioning system (GPS) measurements and recorded at 1-min intervals. Photosynthetically active radiation (PAR) was measured on the port and starboard side of the ship, and these values were averaged for each 1-min interval recorded. Fluorescence was measured at 1-min intervals using a shipboard Aquapack (Chelsea Instruments). Water for fluorescence measurement was pumped from 7 m below the surface and therefore closely matched the normal CPR towing depth. As fluorescence data have a strong negative relationship with PAR, because of daylight quenching, daytime values were only considered in comparison with other daytime samples.
All samples were preserved in a borax-buffered 4% formaldehyde and seawater solution. In the laboratory, the CPR nets were cut into segments, each representing a 5-nm sample along the length of a tow. The length (in centimetres) and number of 5-nm segments to be cut from each mesh were calculated using a computer program written in Visual Basic, based on the start and finish times recorded in the towing log and the length of the used mesh measured between the start and finish marks . This program also enabled time-stamped data collected on board the RSV Aurora Australis to be assembled into 5-nm data sections corresponding with each 5-nm mesh segment. The contents of each sample were washed into a Bogorov tray and identified and enumerated under a stereo dissecting microscope. When zooplankton densities exceeded 500 individuals m -3 , sub-sampling was conducted using a box-splitter. Two measures of zooplankton density (individuals m -3 ) were calculated and are as follows:
. predicted zooplankton-assuming 100% filtration efficiency (1.5 m 3 Á5 nm -1 ) and . actual zooplankton-calculated using flow meter measured volume filtered (MVF). The relationship between MVF and ship speed, predicted zooplankton, fluorescence and PAR was analysed using multiple regression.
R E S U L T S
The occurrence of high densities of diatoms on the 270-and 224-mm transects corresponded with high fluorescence values on these transects, during both day and night, relative to levels on the 125-mm transect where diatoms were almost completely absent (Fig. 2) . Substantial variability was observed in MVF on all three tows (Figs 2 and 3). Together, the four variables of ship speed, predicted zooplankton density, fluorescence and PAR accounted for !86% of the variation in MVF (Table II) .
On the 270-mm transect, MVF was $0.6 m 3 Á5 nm -1 ($40% of predicted levels) for most of the tow but increased to 106-143% of predicted levels on segments 14-19 (Figs 2 and 3) . The >100% filtration efficiency on the latter segments has been observed in other CPR studies and is attributed to the aspiration effect that occurs in high-speed samplers with a small mouth area (Le Fevre, 1973) . Ship speed was constant and therefore had no effect on variation in MVF. Zooplankton densities were high for most of the tow but dropped on segments 14-19. Fluorescence peaked at night (segments 20-22) because of the effect of daylight quenching, as demonstrated by the negative correlation between PAR and fluorescence (Table III) . However, fluorescence on segments 14-19 was low relative to the daytime values of segments 1-13. Overall, fluorescence corresponded well with zooplankton densities (Table III) . Multiple regression analysis demonstrated that both zooplankton densities and fluorescence had a significant negative relationship with volume filtered (Table II) . PAR also had a negative relationship with MVF, because of the mesh clogging on segments 1-13. On the 224-mm transect, MVF averaged 44% of predicted levels and was as low as 0.2 m 3 Á5 nm -1 (22% of predicted levels) on segment 25 (Figs 2 and 3) . Ship speed showed a rapid change from $12 to $9 kn at segment 12, corresponding with the drop in PAR (Fig. 2 and Table II ). This was because of the RSV Aurora Australis protocol of slowing down at night when icebergs are a threat. The positive sign of the b-value for ship speed indicated that this variable had a significant positive relationship with MVF (Table II) . Unlike the 270-mm ) for the three tows completed using 270-, 224-and 125-mm nylon mesh. transect, zooplankton densities showed a significant negative correlation with PAR (Table III) , probably because of strong diel migration. Fluorescence peaked at night highlighting this variables negative relationship with PAR. A second but smaller daytime peak in fluorescence also occurred. Figure 2 indicated a strong negative relationship between MVF and fluorescence, and this was confirmed by multiple regression (Table II) . On the 224-mm transect, the significant negative relationship between PAR and MVF appeared to reflect the combined effects of reduced ship speed and increased clogging at low PAR.
As on the 224-mm transect, the 125-mm transect included a nighttime reduction in ship speed, from $13 to $9 kn at segment 17 (Fig. 2) . This reduction in speed was accompanied by a drop in MVF from $1.5 to $1 m 3 Á5 nm -1 ($70% of predicted levels), and multiple regression demonstrated a significant positive relationship between these two variables ( Fig. 3 and Table II) . Although zooplankton densities and fluorescence were slightly higher at night (Fig. 3 and Table III ), values for both of these variables were low in comparison with the 270-and 224-mm transects, despite the finer mesh size on this transect. Neither fluorescence nor zooplankton densities were significantly correlated with MVF, indicating that clogging was minimal and that the $30% nighttime reduction in MVF on the 125-mm transect was attributed to the reduction in ship speed. Assuming a similar $30% nighttime reduction in MVF on the 224-mm transect, clogging would have contributed an average of 28% to the reduction in MVF in these samples but up to 48%.
Comparison of predicted (assuming 100% filtration efficiency) and actual (corrected for MVF) zooplankton densities demonstrated a strong positive relationship between these two measures. This was particularly evident for the 270-and 125-mm transects (R 2 ! 0.89). The similarity between predicted and actual levels was greatest at low densities when clogging was minimal (Fig. 4) . The importance of measuring flow rates for data interpretation was demonstrated by the 224-mm tow. Here, the decline in nighttime densities of zooplankton after segment 20 suggested that the CPR was passing out of a high-density patch. However, correction using the MVF data revealed that actual zooplankton densities had in fact continued to increase. That predicted zooplankton densities decreased with increased clogging after segment 20 showed that phytoplankton were the dominant cause of clogging in this case. The negative relationship between predicted and actual zooplankton densities after segment 20 was reflected in the relatively wide scatter of points at high-density values when they were regressed against each other.
D I S C U S S I O N
The three transects in this study each highlighted different influences on the volume of water filtered by CPRs. MVF was strongly influenced by phytoplankton/zooplankton clogging on the 270-mm transect, a combination of clogging and ship speed on the 224-mm transect and by ship speed alone on the 125-mm transect. Significant b-values are in bold.
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Clogging was the most important contributor (up to 60%) to reductions in MVF. Evidence from the 224-mm transect indicated that clogging was dominated by phytoplankton. Indeed, Hardy (Hardy, 1939) noted that abnormally high densities of zooplankton would be required to cause a 25% flow reduction but that phytoplankton may be of greater significance. The strong ecological association between phytoplankton and zooplankton, as primary producers and grazers, accounts for their typically positive correlation on CPR nets and the association of high zooplankton densities with phytoplankton sufficient to cause clogging. In addition to this direct positive relationship, phytoplankton also contribute indirectly to observed zooplankton densities. First, reductions in flow will result in underestimation of the densities of large zooplankton that would normally be sampled by the 270-mm mesh. Second, by reducing the effective mesh size of the net, phytoplankton may cause increased sampling of zooplankton size fractions that would normally pass through the mesh, although these numbers would themselves be underestimates of true densities because of the reduced flow. An $30% reduction in MVF was observed in this study in response to a change in ship speed from $14 to $9 kn. This positive relationship between MVF and ship speed was in direct contrast to the observations of Jonas et al. ( Jonas et al., 2004) who found a significant negative relationship between these two variables for five of a total of seven towing ships. However, both the present study and that of Jonas et al. (Jonas et al., 2004) contradicted the laboratory tests of Hays (Hays, 1994) which demonstrated that flow rates through the CPR are unaffected by towing speed (measured for the range 5-13 kn) in a clogging-free environment. The cause of the negative relationship between MVF and ship speed observed by Jonas et al. ( Jonas et al., 2004 ) is difficult to assess. Ship speed was calculated as an average between changes in course marked in the ships log and therefore integrated values for samples collected on any given heading, reducing the accuracy of the comparison between volume filtered and ship speed. Perhaps of greater importance is that Jonas et al. (Jonas et al., 2004) did not take into account the effect of clogging. Walne et al. (Walne et al., 1998) showed that clogging reduced volume filtered by up to 85% on individual tows. A 30% reduction in volume filtered would be sufficient to account for a large portion of the variation observed by Jonas et al. (Jonas et al., 2004) . Mechanical factors may also have contributed to the negative relationship observed between ship speed and volume filtered. The ship speeds during Jonas et al. ( Jonas et al., 2004 ) study ranged from $10-20 kn as opposed to $9-14 kn in our study. A reduction in volume filtered may have been caused by instabilities of the CPR at higher speeds and/or ship-specific effects on hydrodynamics.
In the light of Hays' (Hays, 1994) findings of no significant relationship between ship speed and volume filtered, and the positive correlation between these two variables on the 125-mm transect in this study, where clogging was negligible, indicated a role for mechanical and/or hydrodynamic causes. It has been demonstrated that the pitch of the CPR as it is towed through the water significantly affects volume filtered, with a 108 change resulting in $10% reduction in flow . This is noteworthy in Significant correlation values are in bold.
JOURNAL OF PLANKTON RESEARCH j VOLUME 28 j NUMBER 9 j PAGES 847-855 j 2006 the context of the flow meter studies conducted thus far, considering the requirement for attachment of a 17-kg battery pack to the tail of the CPR. Although increasing CPR depth at reduced ship speeds results in an increasing angle of the towing wire (Hunt and Hosie, 2003) , under normal circumstances, the pitch of the CPR should be relatively unaffected because of the mediating effect of the attachment swivel and the CPR hydrodynamics. However, the addition of the 17-kg flow meter battery pack to the tail of the CPR may well cause it to tilt, as suggested by Jonas et al. ( Jonas et al., 2004) , particularly with decreasing ship speed and increasing CPR towing depth. The flow meter itself may therefore have caused the positive correlation between MVF and ship speed observed in this study.
C O N C L U S I O N S
Clogging and reductions in ship speed both significantly reduced the MVF (up to 78% reduction in combination) of the Type II Mark III CPR used in this study. They therefore had a major impact on observed zooplankton densities. The variation in MVF observed in this study highlighted the need for flow meter data in CPR studies to accurately quantify zooplankton densities. Clogging caused the greatest reductions in MVF and was dominated by phytoplankton rather than zooplankton. The phytoplankton that are trapped by the 270-mm CPR mesh are dominated by the largest size fractions, principally diatoms (John et al., 2002 , observations from this study), and clogging is therefore community dependent. This has implications for regional comparisons. For example, in the Southern Ocean, diatom densities are typically highest in the sea ice zone (SIZ) in comparison with the permanently open ocean zone (POOZ). The zooplankton numbers reported from the SIZ may therefore overestimate the contribution of small zooplankton because of the clogging effect. Clogging is also an important consideration for both seasonal and long-term analyses, as a shift in phytoplankton size structure may indirectly result in changes to the observed zooplankton community structure through undersampling of larger taxa and more efficient sampling of smaller taxa. Although the effect of the latter remains to be quantified, it can be avoided by focusing analyses on taxa that are effectively sampled by the 270-mm CPR mesh. Apart from the highly clogged and high-density samples at the end of the 224-mm transect, the relationship between predicted and actual zooplankton densities was a strong one. As such, the data presented here for the 270-mm mesh provide a preliminary correction factor for CPR samples collected from the Southern Ocean, particularly for samples collected at a constant ship speed. The observation in this study of a positive relationship between ship speed and volume filtered questions the observed relationship between these two variables. In addition to the numerous variables (e.g. clogging and aspiration effect) that confound the interpretation of the influence of ship speed on MVF, this study raises the question of whether the effect of ship speed can actually be measured using the current CPR Valeport flow meter. If ship speed does significantly affect MVF, the nature of this impact needs to be resolved in view of the substantial changes in ship speed that have occurred during the >75 year history of the northern hemisphere CPR survey. More immediate considerations are changes to ship speed because of weather and circumstance, for example, nighttime reductions in ship speed that occurred during this study. An important step towards resolving the influence of ship speed on MVF is the development of a small, lightweight flow meter. Continuing miniaturization and improved resolution of distance loggers for attachment to marine vertebrate predators holds promise in this area. Together with the consistent collection of high-resolution ship speed (using GPS) and fluorescence measurements, a less obtrusive flow meter will provide improved quantification of both past and future CPR data.
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